Abstract Due to its importance for global energy dissipation in the ionosphere, the diffuse aurora has been intensively studied in the past 40 years. Its origin (precipitation of 0.5-10 keV electrons from the plasma sheet without potential acceleration) has been generally attributed to whistler-mode chorus wave scattering in the inner magnetosphere (R <~8 R E ), while the scattering mechanism beyond that distance remains unresolved. By modeling the quasi-linear diffusion of electrons with realistic parameters for the magnetic field, loss cone size, and wave intensity (obtained from Time History of Events and Macroscale Interactions during Substorms (THEMIS) observations as a function of magnetospheric location), we estimate the loss cone filling ratio and electron cyclotron harmonic (ECH) wave-induced electron precipitation systematically throughout the entire data set, from 6 R E out to 31 R E (the THEMIS apogee). By comparing the wave-induced precipitation directly with the equatorially mapped energy flux distribution of the diffuse aurora from ionospheric observations (OVATION Prime model) at low altitudes, we quantify the contribution of auroral energy flux precipitated due to ECH wave scattering. Although the wave amplitudes decrease, as expected, with distance from the Earth, due to the smaller loss cone size and stretched magnetic field topology, ECH waves are still capable of causing sufficient scattering of plasma sheet electrons to account for the observed diffuse auroral dissipation. Our results demonstrate that ECH waves are the dominant driver of the diffuse aurora in the outer magnetosphere, beyond~8 R E .
Introduction
The diffuse aurora is a belt of weak emissions extending around the entire auroral oval, which supplies the dominant particle energy input into the ionosphere [Hardy et al., 1985; Newell et al., 2009] . Although both ions and electrons contribute to it, electron precipitation dominates both the number and energy flux of the diffuse auroral precipitation [Hardy et al., 1985 [Hardy et al., , 1989 Newell et al., 2009] . The diffuse electron precipitation (referred to as "diffuse aurora" hereafter in this study) extends over a latitude range of 5°to 10°within the auroral oval and maps along the magnetic field lines from the outer radiation belts (L~4) to the entire central plasma sheet [Meredith et al., 2009] . Diffuse aurora exists during various geomagnetic conditions (denoted by Kp and Dst indices), but it intensifies during active times [Petrinec et al., 1999] . As shown in a recent statistical study [Newell et al., 2009 [Newell et al., , 2010 , even during low solar wind driving conditions diffuse auroral precipitation is still intense at higher latitudes (66°-72°), which maps to beyond 8 R E in the magnetosphere.
The source population for the diffuse aurora is hundreds of eV to~10 keV plasma sheet electrons scattered into the loss cone through resonant wave-particle interactions [Fontaine and Blanc, 1983] . Both electrostatic electron cyclotron harmonic (ECH) waves and whistler-mode chorus waves resonate with electrons in this energy range [Anderson and Maeda, 1977] and thus have been considered as mechanisms for plasma sheet electron precipitations. However, the relative importance of these two wave modes in driving the diffuse aurora has remained controversial for over 40 years [e.g., Kennel et al., 1970; Lyons, 1974; Belmont et al., 1983; Roeder and Koons, 1989; Horne and Thorne, 2000; Meredith et al., 2000; Horne et al., 2003; Meredith et al., 2009; Thorne et al., 2010; Ni et al., 2011a Ni et al., , 2011b Ni et al., , 2012a Kurita et al., 2014] . been scattered into the loss cone. The mechanism of the diffuse auroral precipitation at higher L shells, however, remains unclear. A recent survey of chorus waves using Time History of Events and Macroscale Interactions during Substorms (THEMIS) observations [Li et al., 2009] has demonstrated that the occurrence rate of moderately intense chorus emissions (≥10 pT) drops significantly beyond~8 R E . Moreover, average wave amplitudes are below a few pT throughout the night-to-dawn sector (beyond~8 R E ), i.e., insufficient to cause efficient diffuse aurora at this location. On the other hand, moderately strong ECH emissions (~0.1-1.0 mV/m) have been reported to extend up to~12 R E [Roeder and Koons, 1989; Ni et al., 2011c] , and may thus drive electron precipitations in these high L shells (8) (9) (10) (11) (12) . These results reopen the potential importance of ECH waves at high L shells. Ni et al. [2012a] evaluated the precipitation flux due to ECH waves in a detailed case study at L = 11.5, showing that the resultant auroral brightness agrees with auroral observations at the magnetic foot point. Therefore, ECH emissions may be the potential driver of diffuse aurora beyond~8 R E . By modeling the interaction of ECH waves with plasma sheet electrons, Zhang et al. [2013] suggested that these waves may still exist beyond~12 R E , although their amplitudes are possibly below detection levels. Wave contribution to scattering would still remain significant due to the smallness of the loss cone size at those large distances.
The impact of ECH waves on the plasma sheet electron dynamics and the diffuse auroral precipitation has not been investigated systematically and globally, however. This requires quantification of quasi-linear bounce-averaged scattering rates and loss timescales of electrons based on a realistic magnetic field topology, wave characteristics, and simultaneous electron distributions. The extensive THEMIS wave and particle databases allow us to develop an improved global model of ECH waves, loss cone size, and the accompanying electron distributions. By modeling the electron diffusion due to interactions with ECH waves, we can estimate the loss cone filling ratio of the local electron distribution and the resultant precipitating energy flux at different regions of the magnetosphere. The contribution of ECH waves to the diffuse auroral precipitation can then be directly investigated by comparing to the overall diffuse auroral precipitation in each location.
For the purposes of this study, we define the "inner magnetosphere" as the region with equatorial crossings <8 R E and "outer" as that beyond 8 R E .
We present specifics of our modeling of diffuse auroral precipitation from the ionosphere in section 2 and the methodology to model ECH wave scattering of plasma sheet electrons in section 3. Comparisons of wave-induced precipitating energy flux estimates with diffuse auroral precipitations are shown in section 4. We summarize and discuss our findings in section 5.
Modeling Diffuse Auroral Precipitation
We examine the global pattern of diffuse auroral precipitation in the ionosphere using the OVATION Prime model [Newell et al., 2009 [Newell et al., , 2010 . The model is based on 22 years of energetic particle measurements from the Defense Meteorlogical Satellite Program (DMSP) from which an empirical relationship between the solar wind conditions and the location and intensity from different types of aurora was developed. Using this model, Newell et al. [2009 Newell et al. [ , 2010 have shown that the pattern of diffuse auroral precipitation varies with solar wind driving conditions and that the hemispheric power (globally integrated total particle energy deposition) undergoes small seasonal variations.
As inferred by integration of the energy flux distributions in Figure 1 , the hemispheric power of diffuse aurora increases from 5.5 GW to 15.5 GW from low to high solar wind driving conditions. The definition of low and high solar wind driving conditions is the same as used by Newell et al. [2009 Newell et al. [ , 2010 . In that figure, we map the diffuse auroral precipitation to the magnetic equator, using both T89 (Kp = 2 for low solar wind driving; Kp = 3 for high solar wind driving) and T96 (solar wind dynamic pressure P dyn = 1.6 nPa; Dst = À2 nT; B y = 0.5 nT; B z = À1.0 nT for low solar wind driving; P dyn = 3.2 nPa; Dst = À25 nT; B y = 0.5 nT; B z = À1.0 nT for high solar wind driving) magnetic field models [Tsyganenko, 1989; Tsyganenko, 1995 Tsyganenko, , 1996 . For consistency, we use the lower (upper) quartile of P dyn and Dst (OMNI data) from 1988 to 1998 (the same interval with what was used by Newell et al. [2009 Newell et al. [ , 2010 ) for low (high) solar wind driving conditions. Note that the winter-to-summer ratio of diffuse auroral energy fluxes is close to 1.0; it can be at most~1.3, during high solar wind driving conditions [Newell et al., 2010] , so we use the energy flux precipitation during local summer conditions to represent the global pattern of diffuse aurora in these plots. It is clear that the diffuse auroral precipitation is most intense in the premidnight to dawn MLT sectors, following the drift path of injected plasma sheet electrons. Under low solar wind driving conditions, the total power due to electron precipitation into the ionosphere from the outer magnetosphere (defined as antisunward of the terminator and having equatorial radial distance greater than 8 R E ) is 1.25 GW for T89 (1.24 GW for T96). As shown in Figure 2 , this corresponds to 58% of the total nightside precipitation (nightside was defined as negative X locations in the equator) in T89 (57% for T96). Although precipitation increases globally during high solar wind driving conditions, the above ratio decreases somewhat, to 42% for T89 mapping results and 55% for T96 results. This is partly due to an equatorward shift in the peak of diffuse auroral energy flux and partly due to a change in the auroral oval area subtended within the <8 R E equatorial mapping region-a property of the mapping change during the more active conditions. Given that our choice of an 8 R E geocentric distance to denote the boundary between inner and outer magnetosphere is somewhat arbitrary, the results suggest that a significant (~50%) portion of the precipitation is contributed by outer magnetosphere processes even during active times, whereas at quiet times the outer magnetosphere contribution is dominant.
Modeling ECH Wave Scattering of Plasma Sheet Electrons
In order to model diffusion due to wave-particle interactions between ECH waves and plasma sheet electrons throughout the nightside magnetosphere, we need to first determine the distribution of wave power, magnetic field magnitude and curvature (both relevant for loss cone size and ray propagation), and plasma parameters (density, temperature, and anisotropy, all relevant to local wave growth), which will be necessary for quantifying the scattering rates. Using the calculated diffusion coefficients of ECH waves at various equatorial locations, we then model the diffusion using quasi-linear theory, from which we infer the loss cone Figures 1b, 1c , 1e, and 1f, white lines represent the MLT contours in the ionosphere every 3 h, with midnight marked by the overlaid black line; white solid circles denote the MLAT contours in the ionosphere at 60°, 65°, 70°, and 75°, while white dotted circles represent the MLAT contours in the ionosphere at 62.5°, 67.5°, and 72.5°. In Figures 1a and 1d , the magenta ovals mark the latitudes which map to equatorial radial distance of 8 R E (denoted by the magenta circles in Figures 1b, 1c , 1e, and 1f) using the T89 magnetic field model. filling ratio of electron distributions under the steady state. We shall use those to estimate the contribution of ECH waves to precipitation losses as a function of location and compare the results with OVATION estimates of diffuse auroral energy fluxes in section 4.
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Spatial Distribution of ECH Waves
THEMIS comprises five identical spacecraft equipped with comprehensive particle and field instruments [Angelopoulos, 2008] . The Fluxgate Magnetometer (FGM) [Auster et al., 2008] measures background magnetic fields, which are used in this study to evaluate the local electron cyclotron frequencies. Electron distributions from a few eV up to 30 keV are recorded by the electrostatic analyzers (ESA) [McFadden et al., 2008] . Wave electric and magnetic fields in three orthogonal directions are collected by the Electric Field Instrument (EFI) [Bonnell et al., 2008] and Search Coil Magnetometer (SCM) [LeContel et al., 2008; Roux et al., 2008] . The Digital Fields Board calculates the mean amplitude of the electric and magnetic fields in six logarithmically spaced frequency bands from~2 Hz to 6 kHz (from EFI and SCM data), producing Filter Bank (FBK) data with a cadence of 4 s. FBK data are used in this study to select ECH wave emissions.
We use the same ECH wave database as developed by , which includes ECH emissions (represented by individual data samples within ECH events) in the plasma sheet (with plasma beta >0.5) captured by five THEMIS spacecraft during five tail science phases (in 2008-2012) . ECH events are defined by as continuous intervals of wave activity (instantaneous wave amplitude >0.03 mV/m to exclude low-amplitude noise) with peak wave amplitudes >0.1 mV/m (refer to Zhang and Angelopoulos [2014, Figure 1 ] for an example). As shown by , the spatial distribution of the ECH occurrence rate in the XY plane (in aberrated GSM coordinates with a 4°aberration angle) has a slight dawnward preference within 10 R E ; outside of that distance, it is preferentially seen in the premidnight sector. This resembles the pattern of diffuse aurora shown in Figure 1 . Despite the poor sampling of the regions beyond 15 R E due to the THEMIS orbits (there have only been 2 years of traversals of that region by only two THEMIS probes), the low occurrence rates observed beyond 15 R E (<10%) are statistically significant as evidenced by large scale averaging and are likely due to the small wave amplitudes expected at these distances. As discussed by Zhang et al. [2013] , typical wave power can be below instrument sensitivity level there, more often than at lower distances, due to the smallness of the loss cone.
Plasma and magnetic field characteristics related to ECH waves are important for modeling the wave excitation, propagation and interaction with electrons. The distribution of wave power and relevant electron and magnetic field parameters during ECH emission intervals is shown in Figure 3 .
Wave amplitude is the critical parameter in estimating the diffusion coefficients; it is a proxy for wave power and since it is recorded as the mean of the absolute value of the bandpass-filtered signal in the FBK data product, we multiply the raw FBK electric field value by a factor π/2 to convert it into the nominal wave amplitude [e.g., Cully et al., 2008] . We determine the peak wave amplitude during each ECH event. As the plasma sheet flaps north-south (along the Z direction), and the neutral sheet is encountered occasionally, the ECH amplitude fluctuates due to spatial aliasing. To avoid this, we use the peak amplitude during each wave event as representative of the amplitude at the neutral sheet. We then take the average value of the peaks from all events within each (X, Y) spatial bin to construct the distribution of wave amplitudes throughout the equatorial magnetosphere. In order to reduce the data scattering due to limited data points beyond~20 R E , we further smooth the distribution by averaging over nine adjacent bins (3 × 3 bins in two dimensions, X and Y, appropriately weighted by the number of events within each bin) centered at the original bin. The total magnetic field magnitude (B t ) quantity is important, as it will be used to infer the local electron gyrofrequency and loss cone size. The field-aligned electron energy fluxes (J // ) are also important, as they are representative of the electron distribution just outside the loss cone that is relevant for precipitation; they will be used for quantifying the electron precipitation energy flux once the loss cone filling ratio has been evaluated. We use the average B t and J // (during ECH emission intervals) within each bin to construct the distribution of these parameters. Similar to the wave amplitudes, we further smooth the B t and J // distributions to reduce statistical noise by two dimensional averaging over nine adjacent bins. The average wave amplitude decreases with increasing distance down the tail; it is more intense near premidnight beyond X = À15 R E , but near dawn earthward of X = À15 R E (Figure 3a) . The magnetic field magnitude shows a slight asymmetry across the midnight meridian (Figure 3b) , with larger values at the dusk side, leading to a similar asymmetry for the distribution of loss cone size (Figure 3d ). This is likely due to the increased presence of dipolarizing flux bundles (DFBs, i.e., the strong magnetic field region led by dipolarization fronts) and injections (known to preferentially occur in the premidnight sector [Birn et al., 1997; Gabrielse et al., 2014; Liu et al., 2013] ) in our database of ECH emissions, since ECH waves are correlated with these active time phenomena . The DFBs, which bring new magnetic flux from the tail, are expected to enhance the total magnetic field preferentially in the premidnight sector. The total energy flux in the strong diffusion limit also shows an asymmetry toward the dusk side (Figure 3c ). This is predominantly due to higher occurrence rate of electron injections that enhance electron fluxes preferentially in the premidnight sector.
Since chorus waves are another potential contributor to diffuse auroral precipitation, we want to compare the occurrence rate distribution of chorus to that of ECH waves using the same (FBK) database of THEMIS plasma sheet crossings. Following Li et al.
[2009], we select wave magnetic field data between 0.1 f ce and 0.8 f ce (i.e., typical frequency range of chorus) as chorus emissions. We estimate the electron cyclotron frequency (f ce ) from the local northward magnetic field component that approximates the equatorial magnetic field. Following Li et al. [2009] , data with f ce larger than 10 kHz (restricted by the maximum frequency of the FBK data) or smaller than 800 Hz (in order to eliminate chorus emissions that fall into the frequency bands below 80 Hz that are affected by conducted spacecraft emissions and cannot be cleaned without raw waveforms) are excluded from the analysis. The database thus only extends from X = À5 R E to X = À11 R E . We present in Figure 4 the spatial distribution of the chorus wave occurrence rates in the XY plane (in aberrated GSM coordinates with a 4°aberration angle). Compared to the distribution of ECH waves in the overlap region, the occurrence rate of moderate (wave amplitudes >10 pT) chorus emissions drops significantly (to <1%) beyond 8 R E , indicating that chorus waves are statistically weak (a few pT) in the outer magnetosphere. Since chorus emissions may still be present beyond 8 R E but with amplitudes below the detection threshold of the SCM instrument, we investigate other possible evidence of chorus using plasma data. Plasma temperature anisotropy is important in controlling the magnitude of chorus growth rates. We thus examine the distribution of temperature anisotropy in the central plasma sheet (characterized by plasma beta >0.5), where chorus waves are typically confined to. Electron temperature anisotropy here is denoted by the ratio of perpendicular to parallel (relative to the magnetic field) temperature from ESA measurements, i.e., T ⊥ /T // . As shown in Figure 5 , T ⊥ /T // is greater than 1 only within X~À8 R E , which can provide free energy for the excitation of the strong chorus emissions confined within the same region (Figure 4d ), but not outside of that radius. This confirms that not only chorus amplitudes are low but also that the perpendicular electron anisotropies needed for chorus wave generation are virtually nonexistent in the outer magnetosphere.
Quantifying Diffusion Coefficients
In this section, we compute the ECH wave scattering rates assuming curvature and magnetic field intensity (scaled by f ce from observations) conditions inferred from the T89 model, the same one we used for mapping the diffuse aurora to the neutral sheet in Figure 1 . Estimation of local diffusion rates requires knowledge of the latitudinal confinement of ECH waves and the latitudinal variations of wave normal angle, wave number, and wave power, which are difficult to acquire directly from observations. Even at the equator, the (hot plasma) dispersion relation requires knowledge of the total-to-cold electron density ratio phase-space gradient near the loss cone and the temperature anisotropy of thermal electrons. With regards to the cold electron density, present instrumentation cannot measure low energy electron densities accurately enough due to the presence of photoelectrons (a few eV range) and backscattered electrons (occasionally up to tens of eV range) contaminating the measured distributions. Moreover, past and planned instruments are not equipped with angular resolution sufficient to measure the distribution function (or its velocity space gradients) within the loss cone. We thus infer the equatorial wave number from the resonant condition and the local electron gyrofrequency by assuming a minimum resonant energy of 500 eV (estimated by solving the hot plasma dispersion relation corresponding to an average temperature anisotropy during ECH intervals) for a fixed wave frequency. We used a wave frequency f = 1.5f ce and a wave normal angle of 89.5°( based on the wave normal angle range that can lead to wave growth in the adopted hot plasma distribution) at the equator to represent the first harmonic. Since the observed ECH emissions are confined within a few degrees of the magnetic equator [e.g., Belmont et al., 1983; Roeder and Koons, 1989; Meredith et al., 2009; Ni et al., 2011c] , the maximum latitude (λ max ) over which ECH waves exist is assumed to be varying over the nightside magnetosphere as shown in Figure 6 , from 5.7°in the closest (X = À6.5 R E ; Y = 1.0 R E ) bin to 0.7°i n the farthest (X = À32.5 R E ; Y = 11.0 R E ) bin. Following Ni et al. [2011a Ni et al. [ , 2012a , we linearly interpolate between the minimum magnetic field magnitude location and λ max to obtain the latitudinal variation of wave normal angle (approaching 90°at λ max ), parallel wave number (assuming perpendicular wave number unchanged with latitudes), and the spread in parallel wave numbers.
Using the T89 magnetic field model, we then incorporate the aforementioned distributions of wave parameters and plasma properties into the diffusion rate formulas described by Ni et al. [2012b] . We thus estimate the bounce-averaged scattering rates for all equatorial nightside plasma sheet locations. Figure 7 shows results for two limiting cases near midnight: one closest to Earth (X = À6.5 R E , Y = À1.0 R E ) and one furthest from Earth (X = À32.5 R E , Y = À1.0 R E ). To investigate the efficacy of ECH waves in scattering plasma sheet electrons, we compare the pitch angle scattering rates at the edge of the loss cone hD αα i| LC with the strong diffusion rate D SD defined by Kennel [1969] as
where τ B is the electron bounce period along the entire field line determined as [Ni et al., 2012a [Ni et al., , 2012b 
with v denoting the electron thermal speed, α for local pitch angle, r for radial distance from the Earth, λ for magnetic latitude, and λ m,s and λ m,n representing the mirror latitudes on the southern and northern hemisphere.
As shown in Figure 7 , intense ECH wave scattering in the near-Earth plasma sheet occurs only for electrons with pitch angles < 20°and over a limited energy range (0.2-1 keV), consistent with numerical results by Thorne et al. [2010] , Tao et al. [2011] , and Zhang et al. [2013] . Compared to pitch angle diffusion rates, momentum diffusion rates and mixed diffusion rates (not shown here) by ECH waves are small both near the Earth and in the distant tail plasma sheet, suggesting that ECH emissions play only a minor role in energizing plasma sheet electrons. It is also clear, however, that at larger distances ECH waves tend to efficiently scatter progressively larger pitch angle and lower energy (<200 eV) electrons. This is due to increased magnetic field line stretching with distance from Earth. Moreover, as seen in Figures 7c and 7f , the strong diffusion rate D SD decreases by at least one order of magnitude from X = À6.5 R E to X = À32.5 R E , due to smaller loss cone size and the more stretched (and thus longer) field lines at larger distances. Therefore, the domain of significant diffusion due to ECH waves expands to both progressively lower energies (due to the wave scattering in a progressively stretched field topology) and higher energies (because wave scattering rate approaches the strong diffusion rate D SD ), going from~0.2-1 keV at X = À6.5 R E to~0.1-3 keV at X = À32.5 R E . This leads to efficient pitch angle scattering of both lower and (most importantly for powering the aurora) higher energy electrons in the outer magnetosphere.
Modeling Electron Diffusion Using Quasi-Linear Theory
Using the resonant scattering rates quantified above, we now model the evolution of the electron pitch angle distribution by its interaction with ECH waves using the 2-D bounce-averaged Fokker-Planck equation (equation (3)), to estimate the loss cone filling ratio at various locations throughout the nightside magneosphere
Here p is the particle momentum, α eq is the equatorial pitch angle, S 0 is the bounce period-related term, and hD αα i and hD pp i are the bounce-averaged pitch angle and momentum diffusion coefficients, respectively. Mixed diffusion terms D αp were omitted in this equation. The loss time τ is set to one quarter of the bounce period (τ B ) if α eq is less than the local loss cone angle α LC and infinity otherwise. Our neglect of mixed diffusion terms simplifies the algorithm and reduces the computation time, while retaining the dominant diffusion process that affects plasma sheet electrons [e.g., Albert and Young, 2005] .
The magnetic field-related parameters (S 0 andτ) in equation (3) are numerically evaluated for the T89 magnetic field following Ni et al. [2012a] . Since we compute the loss cone filling ratio from the resultant electron distributions, the absolute PSD values do not affect our modeling-we are interested in changes inside the loss cone relative to the PSD value outside. Generic initial conditions are therefore adopted from THEMIS observations, after suppressing anisotropies of the hot component outside the loss cone. Boundary conditions are the same as used in Zhang et al. [2013] : ∂f/∂α eq = 0 at α eq = 0 ∘ and at α eq = 90 ∘ for the pitch angle operator. As shown in Figure 7 , pitch angle diffusion rates may exceed the strong diffusion limit; we thus use the zero gradient condition at the low pitch angle boundary (applicable to both weak and strong diffusions) in this study. For the energy diffusion operator, the lower boundary is held constant at 55 eV because these low energy electrons do not contribute much to the precipitating energy flux (tested by our modeling results) and ESA measurements at these low energy channels are often contaminated by photoelectrons; the upper boundary is also fixed at 23 keV, well above the typical resonant energies of ECH waves with plasma sheet electrons (hundreds of eV to several keV). Figure 8 shows modeled results for the evolution of electron distributions at X = À6.5 R E , Y = À1.0 R E and X = À32.5 R E , Y = À1.0 R E . We assume that the steady state has been reached when the electron PSD over potentially resonant energies (100 eV to 5 keV) changes less than 1% in one time step (2 s); the electron distributions for that state are shown in Figures 6c and 6f . The loss cone filling ratio is then estimated using the median value of resultant PSD within the loss cone divided by that at the edge of the loss cone.
Estimated Precipitation due to ECH Wave Scattering
Assuming isotropic differential energy flux within a loss cone, the ionospheric precipitation from ECH wave scattering plasma sheet electrons can be estimated by [Liang et al., 2011; Ni et al., 2012a ]
where Φ is the energy flux into the ionosphere, χ (E) is the loss cone filling ratio estimated above by modeling the electron distribution at the steady state, J E;αLC ð Þ is the electron differential energy flux near the equatorial loss cone approximated by the field-aligned energy flux from THEMIS ESA measurements, and dE is the width of each energy channel.
The electron differential energy fluxes within the equatorial loss cone using the estimated filling ratios are shown in Figure 9 for the two cases discussed in Figures 6 and 7 . χ (E) is 1 for electrons with pitch angle scattering rate exceeding the strong diffusion rate, but it drops dramatically for other energies with lower diffusion rates than the strong diffusion limit. It is evident by comparing Figures 8a and 8b that ECH waves can fill in the loss cone more efficiently at X = À32.5 R E , Y = À1.0 R E , especially for electrons at higher energies (>2 keV).
By summing up the electron energy flux inside the loss cone (following equation (4)), we estimate electron precipitation caused by ECH wave scattering in Figure 10 . The ECH wave-induced electron precipitation is predominantly in the dusk sector at larger distances (beyond 20 R E ) and becomes more intense in the dawn sector closer to the Earth (within 20 R E ), which agrees well with diffuse auroral precipitation (OVATION Prime model result) mapped from the ionosphere (Figure 10a ). For consistency, we model the diffuse aurora using the median solar wind driving parameter (defined by Newell et al. [2007] ) in the ECH wave database. ECH wave-induced precipitation contributes at most 40% of the total energy flux associated with the diffuse aurora in the inner magnetosphere (X = À6.5 R E , |Y| ≤ 3 R E ). However, the ECH wave-contributed energy flux becomes closer to 100% of the anticipated energy flux in the diffuse aurora in the outer magnetosphere (within 20 R E ). Beyond 25 R E , although the loss cone filling ratio is high, the estimated precipitation is inadequate to account for the expected diffuse auroral ionospheric power due to the low electron temperature (and field-aligned energy flux) in the plasma sheet at those distances.
Finally, we map the results back into the ionosphere to illustrate ECH wave contributions at different magnetic latitudes (MLATs). As shown in Figure 11 , wave-induced precipitation resembles the diffuse auroral pattern in the overlap regions, especially at MLAT between~67°and~70°. In addition, these ECH wave-induced precipitations constitute the majority of the diffuse auroral energy fluxes for MLATs greater than~67° (Figure 11c) , which maps to beyond~8 R E in the magnetosphere. Consistent with the result mapped in the magnetotail (Figure 10b ), ECH wave contribution beyond~69°is smaller due to insufficient electron energy fluxes in the plasma sheet (as illustrated by Figures 2c and 9a ).
Summary and Discussion
We modeled the diffuse auroral precipitation using the OVATION Prime model [Newell et al., 2009 [Newell et al., , 2010 and mapped the energy flux to the magnetic equator using T89 and T96 magnetic field models. We adopted appropriate parameters to represent low (lower quartile of the same database) and high (upper quartile of the same database) solar wind driving conditions separately for T89 and T96 models. We found that during low solar wind driving conditions (Figure 2) ,~60% of the nightside diffuse aurora is contributed by precipitations from the outer magnetosphere (R > 8 R E ). For high solar wind driving, precipitation from these high L shells accounts for 42-55% of the entire nightside energy fluxes. This is in agreement with the finding of Petrinec et al. [1999] , who showed that during active times the diffuse aurora intensifies and extends to low latitudes, and therefore, the relative contribution of high-latitudes to the total diffuse auroral precipitation decreases. This decrease is probably due to the intensified whistler-mode chorus emissions during higher geomagnetic activity levels in the inner magnetosphere. We note that T89 and T96 have been shown to be overstretched in the outer magnetosphere during active times, while T89 is understretched during quiet times [Huang et al., 2008; McCollough et al., 2008; Yue et al., 2013] . Therefore, the contribution of the outer magnetosphere (R > 8 R E ) to the entire nightside diffuse aurora may be underestimated during low solar wind driving but is likely overestimated during high solar wind driving. This further supports our argument that the relative contribution of ECH waves to the diffuse aurora from the outer magnetosphere is likely dominant during quiet times.
In order to further explore the origin of high L shell precipitation, we also investigated the occurrence rate distribution of chorus emissions and compared it with that of ECH waves. Consistent with the previous study [Li et al., 2009] , we found that chorus emissions are weak (a few pT) and rare outside of X = À8 R E (Figure 4 ) and thus would not be able to contribute significantly toward plasma sheet electron scattering there. We further examined the distribution of plasma parameters relevant to the generation of chorus waves. Our results indicate that the conditions for chorus generation (enhanced perpendicular electron temperature anisotropy) only exist at X > À8 R E (Figure 5b) , consistent with the preferred location of intense chorus emissions. These observations agree with previous investigations on chorus generation [Li et al., 2010] . In particular, enhanced temperature anisotropy can provide free energy for the excitation of upper band chorus (resonating with electrons at energies between 500 eV and a few keV). As shown in Figure 5b , absence of such a free energy source beyond~8 R E further indicates chorus waves cannot exist outside of the inner magnetosphere. However, moderately strong ECH waves (wave amplitude >0.1 mV/m) can still be observed even beyond X = À20 R E , indicating that ECH waves can potentially be a significant driver of high-latitude diffuse aurora.
We then numerically modeled the interaction between plasma sheet electrons and ECH waves to estimate the loss cone filling ratio and the corresponding electron precipitation due to ECH wave scattering. To quantify the diffusion coefficients, we first obtained the distribution of wave amplitude and magnetic field magnitude (adjusting the electron cyclotron frequency and the loss cone size in the model based on the average magnetic field value during our observations) statistically from THEMIS ECH wave database, as presented in Figure 3 . After block-averaging, we obtained realistic but smoothly varying spatial distributions of wave amplitude, magnetic field magnitude, and temperature for use in further modeling of ECH wave growth, propagation and estimation of the diffusion coefficients. To eliminate variations in the wave number due to statistical fluctuations of plasma parameters from one equatorial location to another, we fixed the minimum resonant energy (500 eV) at each location and used a constant wave normal angle (89.5°) at the equator, both of which are typical values for ECH waves. For the wave latitudinal extent, which cannot be inferred from observations, we made reasonable estimates preserving the trend of progressive latitudinal confinement with increasing distance from the Earth, due to increased field line curvature. We intentionally adopted the same latitudinal confinement (at X = À12.5 R E , Y = À1 R E ) as used in the case study by Ni et al. [2012a] at L = 11.5 in order to cross-check and compare our results with theirs. Their (active plasma sheet) pitch angle diffusion coefficients are about 4 times larger than our (average, and thus preferentially inactive plasma sheet) results at all energies, primarily due to the factor of 2 smaller wave amplitude adopted in our study. This indicates that our single frequency approximation compares well with their multiple frequency (intensity-weighted) diffusion coefficients, and can thus feasibly represent the actual wave-particle interactions. Our numerically estimated loss cone filling ratio also agrees well with the analytical solution used by Ni et al. [2012a] under steady state condition: both studies obtain a filling ratio close to 1 for electrons with energy <1.5 keV (the transition from the domain of significant diffusion to moderate diffusion). But at higher energies, the smaller scattering rates in our study lead to much lower loss cone filling ratios, as expected.
Due to the decrease in loss cone size and increase in field line stretching, the strong diffusion rate decreases with increasing distance from the Earth, leading to more efficient scattering of plasma sheet electrons and high loss cone filling ratios in the outer magnetosphere. Using these loss cone filling ratios obtained from modeling electron diffusion, we were able to quantify the precipitation by integrating the field-aligned electron energy fluxes over resonant energies encompassing the field-aligned direction, assuming that they represent the fluxes at the edge of the loss cone. The ECH wave-induced precipitation (Figure 10b ) occurs predominantly at premidnight beyond 20 R E and migrates toward the dawn side in the inner magnetosphere, which resembles the modeled pattern of the diffuse aurora ( Figure 10a ). As shown in Figure 3c , there is a slight duskward preference in the electron energy flux distribution within~10 R E ; thus, the dawnward preference of wave-induced precipitation at this region mainly results from larger wave amplitude and smaller loss cone size in the dawn sector (Figures 2a and 2d ), corresponding to enhanced scattering from ECH waves. Electron energy fluxes beyond 25 R E cannot account for the diffuse aurora even at strong diffusion limit, leading to the small contributions of ECH wave-induced precipitations (Figure 10d ). This discrepancy is possibly related to the fact that at such high latitudes, Newell et al. [2009 Newell et al. [ , 2010 may have inadvertently included discrete aurora in their diffuse auroral bins, due to their strict criteria in categorizing discrete aurora.
As far as we know, our study is the first attempt to quantitatively evaluate the contribution of ECH waves to diffuse auroral precipitation throughout the nightside magnetosphere. By numerically modeling the ECH wave-induced electron precipitation and evaluating the contribution relative to the diffuse auroral energy flux modeled at the ionosphere, we were capable of quantifying the role of ECH waves in driving the diffuse Figure 11 . Ionospheric distribution of (a) ECH wave-induced electron precipitation energy flux (obtained by mapping the result in Figure 10b to the ionosphere using T89 magnetic field model), (b) diffuse auroral precipitation from OVATION Prime model under median solar wind driving condition during ECH wave measurement intervals (only regions with wave measurements are shown, in order to better compare with Figure 11a) , and (c) fraction of diffuse auroral precipitation contributed by ECH wave scattering (determined by the ratio of data in Figure 11a over Figure 11b ). The magenta ovals mark the latitudes which map to equatorial radial distance of 8 R E in T89 magnetic field model. aurora globally and directly. Adopting quasi-linear theory and a realistic nondipolar magnetic field topology on the basis of OVATION Prime model, we concluded that ECH waves are the major contribution to the diffuse aurora in the outer magnetosphere (R > 8 R E ), while whistler-mode chorus is more likely the dominant driver of low-latitude diffuse electron precipitations, as previously discussed by Thorne et al. [2010] and Ni et al. [2011b] .
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Compared to earlier studies of the diffuse aurora, the OVATION Prime model is the first attempt to discriminate diffuse aurora from other forms of precipitation in a statistical fashion, and hence was used here to better depict the diffuse aurora equatorial source distribution in our study. In order to compare with ECH wave scattering effects, we modeled the diffuse auroral energy fluxes under the median solar wind driving conditions in our ECH wave database. Due to the relatively low solar activity levels during intervals of the ECH wave database (2008-2012 for regions of X > À12 R E ; 2008-2009 for X < À12 R E ), our conclusion that ECH waves dominate in the production of the diffuse aurora is, strictly speaking, representative of quiet geomagnetic times. However, given the absence of chorus wave emissions and a free energy source for them in the outer magnetosphere (R > 8 R E ) at all times [Li et al., 2010] , we expect ECH waves to be an important driver of the diffuse aurora at higher latitudes during active times as well. Quantitative evaluations of ECH wave-induced precipitation relative to the entire diffuse aurora under various geomagnetic activity levels (with consistently defined indices at both low and high latitudes) are left for future detailed investigations.
